Human vision is stable and continuous in spite of the incessant interruptions produced by saccadic eye movements. These rapid eye movements serve vision by directing the high resolution fovea rapidly from one part of the visual scene to another. They should detract from vision because they generate two major problems: displacement of the retinal image with each saccade and blurring of the image during the saccade. This review considers the substantial advances in understanding the neuronal mechanisms underlying this visual stability derived primarily from neuronal recording and inactivation studies in the monkey, an excellent model for systems in the human brain. For the first problem, saccadic displacement, two neuronal candidates are salient. First are the neurons in frontal and parietal cortex with shifting receptive fields that provide anticipatory activity with each saccade and are driven by a corollary discharge. These could provide the mechanism for a retinotopic hypothesis of visual stability and possibly for a transsaccadic memory hypothesis, The second neuronal mechanism is provided by neurons whose visual response is modulated by eye position (gain field neurons) or are largely independent of eye position (real position neurons), and these neurons could provide the basis for a spatiotopic hypothesis. For the second problem, saccadic suppression, visual masking and corollary discharge are well established mechanisms, and possible neuronal correlates have been identified for each.
Introduction
We think of our visual perception as a unified continuous panorama of the world, present at all times and seamless in its continuity. Only when we consider how we acquire this visual knowledge do we appreciate that the underlying mechanisms are not nearly as seamless as our perception. The biggest challenges arise from the occurrence of rapid or saccadic eye movements that have been widely recognized following the illustrations of the frequency of these movements by Alfred Yarbus (1967) . He used the then newly developed techniques for recording eye movements to record the shifts of the eye while a subject looked at a visual scene. What he found was hundreds of saccades that rapidly move the fine grained receptors of the fovea from point to point in the visual scene.
Consider the consequences of these movements for vision. If we look at a series of schematic saccades (Fig. 1A) we see that this visual motor sequence has two phases: fixation at a particular location (blue dots in Fig. 1A ) when virtually all vision occurs, and the rapidly moving saccades (blue lines in Fig. 1A ) when virtually no vision occurs. As a consequence of this, the visual system receives a series of high resolution snapshots centered on different points in the scene (Fig. 1B) . But the problem becomes even more challenging. The snapshots transmitted up the optic nerve with successive fixations are all centered on the fovea. There is no information in this transmission about where in the scene this snapshot is located (Fig. 1C) . Finally, interspersed amongst the snapshots are the blurred images of the wide field motion produced by the rapidly moving eye during the saccade (indicated by the white patches in Fig. 1C ).
How our sense of visual stability survives such disruptions of the visual input has been the subject of speculation at least since the 1600s and of behavioral investigation for over a hundred years. Only since techniques became available to record neuronal activity in the brains of awake animals able to move their eyes, however, has it been possible to look at the brain mechanisms underlying this stable visual perception. This review attempts to summarize the major findings that the study of awake animals has permitted and to address the two major questions emphasized in Fig. 1 : the displacement of the retinal image resulting from the saccade and the suppression of the blur and motion during the saccade.
A substantial literature has accumulated on visual stability at both behavioral and neuronal levels, and this has required some selection for this review. First, I will concentrate on the problems of stability generated by saccadic eye movements which means neglecting the equally important questions of stability arising from such eye movements as smooth pursuit or those made during our movement through the environment. Second, I will concentrate on the neuronal correlates of stability because the goal is to identify possible underlying mechanisms of stability to which EEG and fMRI make minimal contributions. Third, while it is essential to start each topic by specifying the behavior to be explained, I will concentrate on those behavioral attributes for which I see some evidence of at least a potential neuronal mechanism. Finally, the neuronal evidence will be from monkeys unless otherwise indicated because of the similarity of the visual and oculomotor system of old world monkeys and humans and because the monkeys can be trained to perform tasks that allow systematic investigation of the relation between neurons and behavior.
Signals that contribute to visual stability
In order to evaluate the neuronal mechanisms of visual stability, we need to know when changes in the image on the retina result from real world movement and when from eye movement. Only three signals and the interactions between them are used to make this distinction (Fig. 2) . The first signal is visual reafference from the retina; when the eye moves it generates visual motion and displacement signals that can indicate eye movement. The second signal is an extraretinal one; when the eye muscles contract, proprioceptors are activated, and these indicate the eye has moved. This proprioception is an inflow signal from the periphery into the brain just as is visual input. The third signal is also an extraretinal one. It is a corollary or copy of the command to move the eyes. It is referred to as an outflow signal because it copies what flows out to activate the eye muscles. That's it. All the mechanisms considered in this review are derived from these three signals and their interactions. But their contributions are not equal, and we first separate the major ones from the minor ones.
Visual reafference
With each eye movement, the whole visual field moves, and this optic flow can be taken as indication of self motion rather than motion in the environment. This visual input is referred to as ''reafference" (von Holst & Mittelstaedt, 1950) in recognition of its selfgenerated nature in contrast to the ''exafference" that results from motion in the real world in front of a stationary eye. With saccades, such full field motion is usually blurred because of their rapidity but a visual cue remains because the whole field is displaced. For slower eye movements such as with movement of the subject through the environment such optic flow can be critical. This ''optic array" was regarded as the central factor for stability by Gibson (1966) , but for saccades the contribution is probably minimal as indicated by the evidence presented below related to corollary discharge.
Proprioception
Eye position information from eye muscle proprioceptors could flow into the brain after the eye moves and interact with the visual input to produce visual stability. The preponderance of evidence available, however, is that proprioception does not make a substantial contribution to perceptual stability.
A critical test has been to artificially change the position of the eye by electrically stimulating the brain while the monkey was The snapshots at the location of each fixation. Shading is intended to indicate reduction of acuity as the distance from the fovea increases. (C) The transmission in the optic nerve of the snapshots from three fixations without any information about location but with the interspersed blurs from the intervening saccades.
preparing a saccade to a visual target. After the stimulation, the saccade had to be made to the same visual target, but from a new position. If proprioception provides position information, every time stimulation changed the initial eye position, proprioceptive feedback should have indicated that new position, and the subsequent visually guided saccade should have compensated for the change in position. When the eyes were moved by stimulating the motor neurons, compensation did not occur, so that proprioception could not have conveyed sufficient information about the new eye position (Mays, Sparks, & Porter, 1987; Schiller & Sandell, 1983; Sparks & Mays, 1983) . In contrast, when the eyes were moved by stimulating several synapses above the motor neurons, in the superior colliculus (SC), the saccade did compensate for the new initial eye position. The simplest interpretation is that stimulation at higher levels produced not only proprioception but an internal signal, and it was this internal signal that provided information on eye position, not proprioception. A second set of experiments has relied on cutting the proprioceptive afferents from the eye. When the nerves were cut, (Guthrie, Porter, & Sparks, 1983) , compensation still occurred after SC evoked saccades which indicated again that proprioception was not required. In a subsequent set of experiments, Lewis, Zee, Hayman, and Tamargo (2001) found that saccadic accuracy was not significantly altered after a monkey's proprioceptive afferents were cut. Thus, assuming all the afferents were cut, these experiments also indicate that proprioception does not provide an adequate eye position signal for saccades.
Finally, the nature of the eye proprioceptive signal itself has been revealed by the recent discovery by Wang, Zhang, Cohen, and Goldberg (2007) that such an input reaches the face region of somatosensory cortex (area 3a). They found long latencies for these proprioceptive signals, frequently about 100 ms (personal communication, M.E. Goldberg and Wang et al., 2007) , which probably is too late to influence the next saccade.
In net, there is now no good evidence that proprioception is used to provide an extraretinal position signal that could be used to correct for the effect of eye movement after each saccade. Instead, the proprioceptive information might be providing the long term calibration of saccades that are actually made as opposed to the ones that are planned, particularly in cases where visual information is not available (Lewis et al., 2001; Wang et al., 2007) . It might well be that rapid information is provided by a corollary or copy for each saccade while longer term information is provided by proprioception (Lewis et al., 2001; Steinbach, 1987) including cases in which static eye deviation leads to misperception of direction (Gauthier, Nommay, & Vercher, 1990 ).
Corollary discharge (CD)
The other source of extraretinal information is from a corollary or copy of the command to move the eye. The basic concept is that at the same time that instructions are issued for the muscles to produce a movement, a copy or corollary of those instructions is sent to other regions of the brain to inform them of the impending movement. The term efference copy was coined by von Holst and Mittelstaedt (1950) and the term corollary discharge was coined in the same year by Sperry (1950 Sperry ( )-1950 was a big year for the concept. In the Sperry experiments, he surgically rotated the eyes of fish by 180 degrees and found as others had that the fish swam in circles. After exploring alternatives, he reached the conclusion that ''. . .any excitation pattern that normally results in a movement that will cause a displacement of the visual image on the retina may have a corollary discharge into the visual centers to compensate for the retinal displacement." Thus as the fish normally moved forward a corollary discharge indicated forward motion and this compensated for the backward image motion on the retina. As the fish with the rotated eye moved forward, the corollary stayed the same, but the image motion direction conveyed to the brain was now also forward and this combined with the corollary. The corollary now did not compensate for the retinal motion but accentuated it, leading to the circling. In the von Holst and Middlestadt experiments (1950) , the test was on the optokinetic response of a fly to rotation of vertical stripes in front of it, with similar logic and interpretation.
While the concepts of efference copy and corollary discharge are essentially identical, in this review I will use corollary discharge (CD). First, the term efference copy implies a copy of the output close to the muscles, while the neuronal mechanisms relevant to visual stability are at higher levels of the brain including the cerebral cortex. Second, the term copy implies that the signal is an exact replica of what is sent to generate the movement, but corollary need have no such exact identity. Finally the efference copy term has been closely associated with the cancellation hypothesis, in which the reafferent input and the efferent copy output match, and there is little evidence for such cancellation in the saccadic system (for discussion see Sommer & Wurtz, 2008) .
Whatever the name, the concept is not new, and its history is chronicled in excellent summaries (Bridgeman, 2007; Bridgeman, Van der Heijden, & Velichkovsky, 1994; Grusser, 1995) . A few salient points from these reviews illustrate how central the concept has been for visual stability. Descartes in his Treatise on Man inferred what must be the mechanistic difference between the stability of the visual scene when he moved his eye as opposed to its instability when he deflected his eye ball by pushing on it. Even earlier a Dutch scientist Aquilonius in 1613 made the same point and concluded that ''an internal faculty of the soul perceives the movement of the eye". In the 19th century those who considered the issue reads like a visual science who's who: Bell, Purkinje, Mach, and von Helmholtz.
Helmholtz referred to the concept as the ''effort of will", and marshaled the evidence in favor of his view. Among the lines of evidence, three are as significant now as they were then (see Bridgeman, Hendry, & Stark, 1975; von Helmholtz, 1925) . First was the previously recognized apparent motion of the visual world when the eye is moved passively by pushing on the eyeball. The perceived motion was taken to result from the movement of the eye without CD. More recent experiments that measured the passive eye movements (Bridgeman & Stark, 1991; Ilg, Bridgeman, & Hoffmann, 1989; Stark & Bridgeman, 1983) showed that the perceived motion of the visual world resulted from a subject's attempt while fixating to counter the external push to rotate the eye rather than the rotation of the eye itself. The CD accompanying the attempted but blocked eye movement was therefore taken as the source of the perceived motion.
Second was the apparent displacement of the visual world when a saccade is attempted but the eye muscles are paralyzed. Considerable controversy followed this observation, because several subsequent experimenters failed to obtain such a simple finding (see Stevens et al. 1976 for a more complete discussion). This uncertainty might well have been related to residual eye movement due to partial paralysis in some experiments. This ambiguity was resolved by heroic experiments in which the whole subject, John Stevens, was paralyzed (Stevens et al., 1976) . Under such complete paralysis, with each attempted saccade the visual field was displaced in the direction of the intended saccade. There was also a greatly increased sense of effort in trying to make the saccade, and there was fading of the image over time. These experiments also carefully delineated the perception of motion, the sweeping motion of objects in the visual field, from the perception of displacement, the sudden shift of an object from one position to another position. A perception of motion was absent with complete paralysis, but was reported with partial paralysis, presum-ably due to residual eye movements. Thus, with complete paralysis and the delineation of motion and displacement, the conclusions of Helmholtz were reinstated.
Subsequent paralysis experiments (Matin et al., 1982 ) went on to show that in the presence of visual input, perception was controlled by vision rather than any extraretinal input. This ''visual capture" provided a critical perspective on the relative role of CD: when both visual and CD information are available, vision prevails.
The third observation was based on images that are fixed on the retina, afterimages. They remain stable when the eye is moved passively in the dark, but they are displaced with saccades (Bridgeman, 2007) . The perception of displacement of an image frozen on the retina must be provided by an extraretinal signal, presumably CD.
Conclusion
Of the three signals available to distinguish eye movement from world movement, CD is the critical one for saccadic eye movements. The contribution of the other extraretinal signal, proprioception, seems unlikely to be significant on a saccade by saccade basis but rather may be important for longer term calibration. The signature visual input from eye movement, full field motion, may be of less use with the rapid sweep of saccades than with slower pursuit movements or the optic flow with observer movement.
CD will therefore be a central focus of this review, but only with respect to visual stability since two recent reviews have considered the neural basis of the CD more generally (Sommer & Wurtz, 2008) . In addition previous reviews and commentaries provide substantial details and evaluation of the CD mechanism (Bridgeman, 1995 (Bridgeman, , 2007 Bridgeman et al., 1994) .
Saccadic displacement

Multiple hypotheses
Conceptually, the most challenging problem is the perception of visual stability in spite of the displacement of the image on the retina with each saccade (as illustrated in Fig. 1 ). How this problem is solved by the brain has been the topic of speculation involving many hypotheses with many variations. We will consider two broad categories of hypotheses and the possible neuronal correlates for each. The first hypotheses posit that we maintain only a map of what is currently on the retina, and that this retinotopic map is simply updated with each saccade. Included here are hypotheses that require updating only of regions to which attention is directed, particularly the small region of the map near the fovea. Possible neuronal mechanisms for this are neurons with a shifting receptive field (RF) in parietal and frontal cortex. The second group of hypotheses assume that there is a spatiotopic map within the brain and that each successive retinal image updates this higher order map. The neuronal evidence for this rests on the discovery of gain field neurons, whose visual responses are modulated by the position of the eye in the orbit, and real position neurons, whose responses are independent of orbital position.
Visual stability and visually guided movement
Before considering these hypotheses, it is essential to recognize that maintaining perceptual stability and generating movement occur simultaneously, and neuronal activity may be related to one and not to the other. A case of separation between perception and movement that illustrates the issue is failure to see the displacement of a saccade target when the displacement occurs during the saccade (Bridgeman et al., 1975) . Displacements up to one third the size of the saccade go undetected. Even though such a displacement is not perceived, however, the displaced target can still be accurately located when used as a saccade target (Bridgeman, Lewis, Heit, & Nagle, 1979; McLaughlin, 1967) . The displacement information for the saccade is independent of that for perception. The extent to which neuronal activity is devoted to perception rather than to the control of movement is a recurring issue with respect to the neuronal correlates of visual stability.
Displacement: Retinotopic maps
In this hypothesis, there is no higher order spatial map in the brain but instead the representation of the visual world always remains in retinotopic coordinates. At a neuronal level, we would expect to find a mechanism for updating a retinotopic map, and as complicated as it initially may seem, this updating probably has accumulated the largest body of neuronal evidence.
The concept of shifting receptive fields
The landmark experiment of Duhamel, Colby, and Goldberg (1992) showed that neurons in the parietal cortex had the remarkable property that the location of their visual sensitivity shifted in anticipation of the upcoming saccade. This anticipatory change has been referred to as remapping or spatial updating (which emphasizes the conceptual significance) or as shifting receptive fields (which just describes the neuronal activity).
The concept is best explained by returning to the same illustrations used to show the problems generated by saccades but now with the aim of understanding how the problem of displacement might be resolved (Fig. 3) . If the subject is looking at one point in the figure (Fig. 3A , blue dot on the face on the left) and we record from a neuron in the brain, it will be sensitive to visual stimuli falling in one part of the visual field, the RF (Fig. 3A , darkened circle). Such localized RFs are what we expect of visual neurons from the retina onward. The cortical neurons considered here, however, have an added property: as the monkey prepares to make the saccade, the sensitivity at the site the RF will occupy after the saccade becomes more sensitive even before the saccade occurs. Thus for a time the neuron can respond to stimuli in its current RF (not surprising) and in its future field (FF in Fig. 3A )-very surprising. These neurons must have information about the amplitude and direction of the impending saccade because the FF sensitivity is located at the site where the RF will be after a saccade. The location of the FF must depend on a CD of the impending saccade since here the FF activity precedes the saccade just as the CD does. After the saccade, the FF becomes the RF of the neuron (Fig. 3B) . The cycle then begins again with preparation to make the next saccade.
So what does this have to do with visual stability? In its simplest form, the idea is that it is the increased sensitivity at the FF before the saccade that highlights the same object before the saccade that will fall on the RF after the saccade. When there is congruity between what is there before and after saccade, the eye must have moved from one fixation point to another. There would then be two successive increases of activity, one reflecting the increased sensitivity to the object in the FF, and one as the eye brings the RF onto the object. In contrast, if there is just a single increase in visual activity, an object must have appeared in the environment, and it was that appearance that activated the neuron rather than a saccade.
While the sequence of events shown in Fig. 3 illustrates the anticipatory events that might be associated with saccades, recent psychophysical experiments by Melcher (2005 Melcher ( ,2007 provide evidence for such anticipatory changes. In one experiment, for example, subjects adapted to a tilted grating pattern overlying the fixation point, and then were tested for a tilt after effect as they continued to fixate. On subsequent adaptation trials, instead of continuing to fixate, the subjects made saccades to a target. With saccades, the adaptation increased by 60% at the new target while at the same time it decreased by 80% at the current fixation point. Both these changes occurred before the saccade began. Thus these changes in adaptation show experimentally essentially what is shown conceptually in Fig. 3 . More generally, both the concept and the experiment emphasize that ''postsaccadic perception does not begin anew but rather takes into account previous visual experience" (Melcher, 2007) .
Neurons with shifting receptive fields
Neurons that show evidence of shifting RFs have been studied in LIP where they were initially discovered (Batista, Buneo, Snyder, & Andersen, 1999; Colby, Duhamel, & Goldberg, 1996; Duhamel et al., 1992; Heiser & Colby, 2006; Kusunoki & Goldberg, 2003) , and have subsequently been found in the visual-motor area of frontal cortex, FEF (Sommer & Wurtz, 2006; Umeno & Goldberg, 1997 ). The shifting RFs have also been seen in earlier extrastriate visual areas (Nakamura & Colby, 2002; Tolias et al., 2001) , and the SC (Walker, FitzGibbon, & Goldberg, 1994) . There is also fMRI evidence for them in the human brain (Medendorp, Goltz, Vilis, & Crawford, 2003; Merriam, Genovese, & Colby, 2003 . Fig. 4 shows an example of a shifting RF of a frontal eye field (FEF) neuron. The basic strategy is to probe the sensitivity of the RF and FF locations at varying times before and after the saccade with brief light flashes. While the monkey fixated, the neuron responded only to probes flashed in the RF (Fig. 4 top row) , but just before the saccade, it responded to probes flashed in the FF (Fig. 4  middle row) . After the saccade the probe was only effective in the area of the FF which, because of the saccade, was now the RF. The increased sensitivity at the FF was not activity simply related to the saccade because when there was no probe, there was no increased activity ( Fig. 4 bottom row) . The shifting RF is a change in sensitivity in the FF that is only revealed when probed with a stimulus.
The shifting RFs neurons become understandable if they receive not only visual input, but also a CD input that provides the vector of the impending saccade that would point to the new fixation location. The RFs with a fixed retinotopic relation to the current fixation point would have the same relation to the target of the saccade (which becomes the new fixation point after the saccade). While identified visual pathways to frontal cortex are numerous (Salin & Bullier, 1995) , pathways carrying a corollary discharge are not, so the next issue is identifying such a CD pathway.
A CD to cerebral cortex
The fundamental problem in identifying a CD in the primate brain is two fold. First it is necessary to understand the brain circuits for pre-motor processing in order to identify the level from which the CD is drawn. Second, the CD has to be identified as separate from the signal that actually produces the movement. In the monkey both of these requirements have been met.
The outline of the circuit for the generation of saccades is probably better understood than that for any other coordinated movement circuit in the primate brain in part because the saccade is a relatively simple movement (Robinson, 1964 (Robinson, , 1968 ) and in part because of the substantial number of studies devoted to it since the 1960s. Fig. 5A shows an outline of this circuit extending from the retina to the eye muscles. In outline, the visual input arrives at striate or V1 cortex through a retinal-lateral geniculate pathway, and then is distributed to extrastriate areas. From there the visual information reaches two critical cortical regions: the posterior parietal cortex (particularly the lateral intraparietal region, LIP) and the dorsal frontal cortex (particularly the frontal eye field, FEF). From these two regions pathways descend to the superior colliculus (SC) on the roof of the midbrain. The SC in turn projects to the midbrain and pontine reticular formation, which project to the oculomotor nuclei that innervate each of the six eye muscles. Other descending pathways (including one from FEF through the basal ganglia to SC) and a second visual input pathway (from retina Sommer and Wurtz (2006) . to SC superficial layers and then through pulvinar to visual cortex) are not shown, nor are the pathways through the cerebellum. The point, however, is that while this is just a sketch of our admittedly incomplete knowledge of these pathways, it is complete enough to understand the type of signal conveyed by neurons at multiple levels within the brain.
Which brings us to the second question: locating a CD that branches off from this descending motor pathway. For a saccadic CD, we obviously look for neurons whose discharge is correlated with saccade generation and this activity is found first in cortex (FEF and to some extent LIP), then prominently in the intermediate layers of the SC, and then in the pontine and midbrain areas to which it projects. One pathway that is particularly intriguing (Fig. 5B , right) extends from the intermediate SC layers to the medial dorsal nucleus (MD) of the thalamus to the FEF (Lynch, Hoover, et al., 1994) . Saccadic information in these SC layers is still organized in a retinotopic map so that the saccade related information from SC would be in the same coordinate system as the target of the pathway, the FEF. To more specifically relate this pathway to a CD function, the outline of a CD circuit is indicated on the left in Fig. 5B . The sensorimotor area in which the CD originates would be the SC, the visual processing area would be the FEF, and the connection between them would be the SC-MD-FEF pathway.
The issue is whether this pathway actually conveys a CD signal. In contrast to invertebrates, where transmission of a CD can be related to a specific neuron type (Poulet & Hedwig, 2006) , the CD in the primate is embedded in a complex of pathways. In addition, if we isolate a neuron in a putative CD pathway, how do we know it carries a CD signal or is just part of a loop in the movement generation circuit? To address this problem, Sommer and Wurtz (2002) relied upon previous experience in studying CD particularly in invertebrates and identified four criteria that they argued would qualify the candidate neurons as those carrying a CD. These points have been discussed in detail in a recent review by Sommer and Wurtz (2008) , and only the conclusions need be stated here. They pointed out that the neurons in the MD relay in the pathway to cortex had the characteristics expected of CD neurons in that they discharged before saccades and only before saccades of given amplitude and direction, reflecting their SC origins. The MD neurons were not in the pathway that led to saccades because inactivation did not disrupt either visually or memory guided saccades. But MD inactivation did disrupt the monkey's ability to do a double step saccade task that requires a CD for its performance (Hallett & Lightstone, 1976) . Thus the neuronal activity in the SC-MD-FEF pathway did meet the criteria for CD for saccades (Sommer & Wurtz, 2008) . But as has already been discussed, a CD could be related to control of movement and not be used for perception. The next question is whether this CD contributes to shifting RFs and possibly to the stability of perception.
Does the CD to cortex drive the shifting RFs?
We now have identified two factors that might contribute to visual stability. The first is the shifting RFs that could contribute to remapping of the visual field with each saccade and that depend upon a CD to do so. The second is a CD signal that reaches the FEF as just described. Does the identified CD fit the requirements of the shifting RFs?
To answer this question it was necessary to establish that shifting RFs have the characteristics we would expect if the shifts resulted from the CD in the SC-MD-FEF pathway and then to see if the CD is necessary to drive shifts.
Is the CD appropriate for driving RF shifts?
First, do the shifting RFs have the expected spatial configuration? Neuronal CD activity in MD (as in SC activity) indicates the vector of the upcoming saccade: the discharge increases before saccades of given amplitude and direction. Therefore we would expect the RF shifts in FEF to act as if they resulted from such a vector input: they should jump from one location to another (Fig. 6A top) rather than just expand and then contract around the FF. If there were such a slide or expansion, there would be activity between the RF and the FF whereas with the jump there would not be. There was no indication of activity between the RF and the FF (Fig. 6A bottom) and thus no indication of a slide (Sommer & Wurtz, 2006) . The shift behaves spatially as if it received input from the CD vector that jumps the activity from the RF to the FF.
The second expected characteristic is a temporal one: is the time of the RF shifts consistent with the timing of the CD? The CD activity in MD is synchronized with saccade onset (Sommer & Wurtz, 2004) and if this CD is driving the shift of activity in FF, this shift should also be synchronized with the saccade onset. The increase in the activity with the shift for the example neuron in Fig. 6B top shows a highly significant correlation with saccade onset (p < 0.01, Sommer & Wurtz, 2006) , as expected if the CD drives the shift. For the same reason, the increased activity with the shift should not be at the latency of the neuron's visual response. To show this, the results for the same example neuron are aligned on the visual probe rather than the saccade in Fig. 6B bottom. The visual latency to a stimulus flashed in the RF of the neuron was 80 ms (black arrow) which occurs long before the activity associated with the shift (bold orange trace of average firing rate). Therefore the shift is synchronized with the saccade, and it is more appropriate to refer to it as visual activity (it requires a visual stimulus) rather than as a visual response (it has no brisk onset or fixed latency).
The range of onset times for FF activity extended from about 100 ms before the saccade to about 200 ms after it, with a mean onset at 24 ms after the saccade had started ( 2006). The mean onset time of the CD activity in MD was 72 ms before the saccade. The mean onset time of the CD activity in MD preceded the mean for shifting activity in FEF by 96 ms so that the CD is early enough to drive the shifts. Such a long delay between the CD and the shift indicates that the shift is not the action at a single or even only a few synapses, but must instead result from activity in a multisynaptic network which remains to be explored. With the timing of the shifts now specified, it is worth clarifying the assertion that the shifting RF activity provides an ''anticipatory" signal before the saccade. If the mean time of the shift is 24 ms after the saccade has started for FEF neurons, and the range of shift times extends into the period after most saccades have ended, is it appropriate to refer to the shifts as being anticipatory? No, if anticipatory refers to the onset saccade. Yes, if it refers to the time of the reafferent visual input produced by the saccade reaches the FEF neuron. After a stimulus falls on the RF as a result of the saccade, there is a visual latency for the response in the neuron. So even if the shifting RF activity occurs after the saccade it will still activate the neuron before the reafferent visual stimulation in most cases. So the shift is anticipatory because its visual activity still occurs before the visual response generated as a result of the saccade. Of course regardless of the time at which the visual activity occurs, the flash that generates the activity is always before the saccade.
Is the CD necessary for driving RF shifts?
While the shifting RFs in FEF have spatial and temporal characteristics consistent with input from the identified CD, this only demonstrates a correlation between the shifting RFs and the CD. The critical question is whether the CD is necessary to produce the shift. Inactivation of the region of identified relay neurons in MD, while measuring the shifting RFs in an FEF neuron, makes it possible to test this necessity. Fig. 7A shows an example of one of these experiments (Sommer & Wurtz, 2006) . Black traces in Fig. 7A show activity before inactivation; orange traces are activity after inactivation. The neuron had a strong visual response in the RF during fixation (left upper panel) and a strong shift to the FF just before the saccade (right lower panel The shifting RFs would be expected to jump from the RF to the FF with no significant change in activity at the midpoint if the shift resulted from the vector input of a CD. An example FEF neuron shows this lack of midpoint activity consistent with the shift being driven by a CD. From Sommer and Wurtz (2008) . (B) The timing of the shifting RF should be synchronized with the saccade as is the CD. In the upper record the activity of an example FEF neuron aligned on saccade onset shows that the increased activity with the shift is synchronized with saccade initiation. In the lower record, the same neuronal responses are aligned on visual probe onset, and show that the increase in activity with the shift occurs long after the visual latency (black arrow). The green dots show the time of saccade onset in each trial. From Sommer and Wurtz (2006) .
was unchanged showing that the neuron still had its sensitivity to visual stimuli. The monkey also could still make the saccade to the target confirming that the MD inactivation did not block saccade generation. But the connection between the FEF visual processing and the CD was impaired because now the FEF neuron lost much of its advance information about the impending saccade. This in turn led to the impaired RF shift. The deficit was present in 7 of the 8 neurons in which the experiment was completed, and was highly significant in the pooled results ( Fig. 7B ) with the shift reduced by on average about 50%. The activity of the MD neurons was related to saccades to the contralateral visual field, and so too was the deficit in the shifting RFs; the deficit was related to contralateral saccades leaving ipsilateral saccades unimpaired. The combination of these correlation and inactivation experiments provides firm evidence that the identified CD from the SC is critical for RF shifts in FEF neurons. The working assumption is that the functions of a CD input established for FEF also apply to the shifting receptive fields found in LIP (Colby & Goldberg, 1999) and even in earlier cortical areas (Nakamura & Colby, 2002) . One possibility is that there are additional pathways conveying a CD directly to parietal cortex but at this point none has been identified. Another possibility is that the CD reaches parietal cortex transcortically via the extensive functional projections between the two structures (Chafee & Goldman-Rakic, 1998; Chafee & Goldman-Rakic, 2000) . One clue as to whether there is a direct CD to parietal cortex or an input through FEF might be obtained by a detailed comparison of the shifts in the two areas but that has not yet been done. Such a comparison might also provide insight into the relative roles of frontal and parietal cortex in visual stability.
What must be true for both frontal and parietal neurons with shifting RFs is that they do not receive input from just one localized region of the retinotopic map as do neurons in the early visual areas. Because the FEF neurons responded to visual stimuli in both the RF and the FF, these neurons must have connections to both those retinotopic areas. Since a saccade can be made to any region of the visual field, the FF can fall in any part of the field, and so the neuron must be connected to every part of the retinotopic map. This requires a tremendous increase in the connections to each of the shifting RF neurons, and a model simulation by Quaia, Optican, and Goldberg (1998) shows how these multiple connections could be changed at the time of the saccade.
Temporal distribution of shifts: Saccadic compression
Stimuli presented at the time of the saccade are mislocalized, and this may be related to the underlying mechanism of shifting receptive fields. Matin and his collaborators (Matin, Matin, & Pearce, 1969; Matin, Matin, & Pola, 1970; Matin & Pearce, 1965) flashed spots of light just before a saccade and found that the stimuli were mislocalized. A substantial number of subsequent experiments have verified this , and also have demonstrated mislocalization of a flash after the saccade. As illustrated in Fig. 8A , the mislocalization is in the direction of the saccade or opposite to the direction depending on flash location and timing. This has been described as a compression of the visual field at the time of the saccade. Ross, Morrone, Goldberg, and Burr (2001) suggested that this compression might be related to relative activity in the RF and the FF of the shifting neurons. For example, for the FEF neuron in Fig. 4 , the activity declined in the RF field as it increased in the FF, and this was the case in 1/3 of the neurons, with the remaining 2/3 showing continuing activity in the RF as the activity developed in the FF. LIP also has a mixture of shifting RF types (Colby & Goldberg, 1999; Colby et al., 1996; Kusunoki & Goldberg, 2003) . Neurons with activities in both the RF and FF might effectively indicate that a flashed stimulus fell between the RF and FF locations, which would put the implied location closer to the saccade endpoint than it actually was, and this could lead to the apparent compression. A second source of the compression might be related to the timing of the shift in different neurons. Recall that in the FEF experiments a brief flash (as in Fig. 4 ) led to increased activity in the FF. The time at which the shift became evident, however, varied from neuron to neuron as illustrated for four FEF neurons in Fig. 8B . The distribution of the shift onset times across the sample of FEF neurons ranged from about 100 ms before to 200 ms after the saccade onset (Sommer & Wurtz, 2008) . This distribution prolongs the period over which the shifting occurs, and it may be in part this prolongation of the updating that contributes to the mislocalization of brief flashes occurring while the process is still underway.
More generally, the long time course over which the shifting of the RFs occurs implies that any consequent updating of a shift onset retinotopic map also might be spread over time. If so, this long time for shifting completion might underlie the behaviorally based conclusion that the shift in visual stability is a sluggish system as summarized in a recent critique by Bridgeman (2007) . By this logic, the mislocalization at the time of the saccade is a flaw in the system rather than a feature. Such a slow updating might be tolerated by the system because there is no necessity for a temporally perfect shift; the flaws are covered up by the suppression considered later (Matin et al., 1969) .
Conclusion: Shifting fields for updating a retinotopic map
Shifting RFs could provide the neuronal basis for visual stability in the presence of saccades: they provide a potential link between the concept of updating a retinotopic map with each saccade and the CD that would be necessary to accomplish that updating. We might at this point say that we have three legs of a four legged stool supporting the retinotopic hypothesis of visual stability. The first leg is the demonstration that neurons in FEF, LIP and other areas show shifting receptive fields that could contribute to updating or remapping of the visual field with each saccade. The second leg is the identification of a CD from the SC-MD-FEF pathway that reaches these neurons. The third leg is the demonstration that the CD is necessary for the shift to occur in FEF. Before we try to support a hypothesis of visual stability on this stool, we need a fourth leg: we need to demonstrate that the shifting RFs actually underlie perceptual stability. Up to this point such a demonstration has been largely beyond testing even in monkeys because any inactivation at the site of the shifting RFs either in FEF or LIP would disrupt the visual processing as well as the shifting RF mechanisms. With the identification of the MD relay in the CD pathway, however, it should be possible to inactivate MD, reduce the CD to cortex, and reduce the FEF shift. With the shift reduced, the perception of stability should be reduced. The challenge then becomes one of showing that a monkey with reduced shifts has reduced ability to distinguish object displacement due its own movement from that in the environment. A successful experiment would provide the final leg of the visual stability stool by relating an internal input (CD) to the modulation of visual processing (shifting RFs) to the perception of visual stability with saccades.
Displacement: Transsaccadic memory and attention
The function of CD was put into a different light by MacKay (1972) who argued that a CD should be regarded as a question asked as a movement is generated. The answer is given by the visual input resulting from the movement, and it is evaluated in light of the question. He hypothesized that the world is assumed to be stable unless the answer with a given movement gave evidence to the contrary. One way of looking at the neuronal shifting receptive fields illustrated in Fig. 3 is that they provide that mechanism: the CD-generated future field (FF) is the question and the visual response in the new RF after the saccade is the answer. Prophetically, MacKay also expected to find such activity at a point where visual and movement activity were both represented as is the case in frontal and parietal cortex. Mackay's approach might also be regarded as a forerunner of the optimal inference approach based on Bayes' theorem that has been used to explain visual perception at the time of saccades (Binda, Bruno, Burr, & Morrone, 2007; Niemeier, Crawford, & Tweed, 2003) .
Transsaccadic memory
A recent hypothesis uses the assumption of stability across saccades to explain the perception of visual stability, and implements the idea by using transsaccadic memory to determine whether the assumption is correct. Deubel and his collaborators (Deubel, 2004; Deubel, Bridgeman, & Schneider, 2004; Deubel, Schneider, & Bridgeman, 2002) proposed the following steps. First, the features of the saccadic target and of objects immediately surrounding the target are stored in memory. This transsaccadic memory serves as the reference for determining whether the target object and its surround after the saccade are the same as before the saccade. After the saccade, if the objects around what is now the fixation point match those in memory, the assumption of a stable world is correct. If the match fails, the assumption of visual stability is abandoned, and it is assumed the target moved.
A key observation of Deubel et al. (Deubel, Bridgeman, & Schneider, 1998; Deubel, Schneider, & Bridgeman, 1996) provided the impetus for this hypothesis. After verifying that even relatively large displacements of the saccade target made during the saccade were not detected (the suppression of displacement considered previously, Bridgeman et al., 1975) , they were able to make these displacements obvious with a simple manipulation. If the displaced target was blanked out and not restored until at least 50 ms after the end of the saccade, the displacement was easily detected. When target blanking was entirely within the saccade, displacement was not detected. There is something special about the presence of the target immediately after the saccade which had been emphasized previously (Wolf, Hauske, & Lupp, 1980) . This led to the transsaccadic hypothesis that makes the fundamental assumption that if the target remains in the same position before and after the saccade, it and the visual world are stable. This assumption is rejected by the total absence of the target right after the saccade as in this experiment and with large displacements brought about by real world displacements during the saccade.
A specific neuronal basis for this transsaccadic memory hypothesis is lacking, but two neuronal observations are relevant. The first is derived from an area that is probably on the pathway to object vision, V4. Moore, Tolias, and Schiller (1998) showed that the visual response of V4 neurons to an optimally oriented stimulus was enhanced just before a saccade was made to the RF of the neuron. It was not enhanced when the saccade was not to the RF. They suggested that the enhanced activity just before the saccade provided reactivation of the response to the visual stimulus before the saccade. This reactivation would facilitate comparison to the post-saccadic stimulus, and this is what is needed for the transsaccadic hypothesis.
A second neuronal finding relevant to the transsaccadic memory hypothesis is the activity related to the shifting RFs already considered in detail above. The activity at the future field could be regarded as representing a transsaccadic memory. As shown conceptually in Fig. 3 , the activity at the FF indicates the stimulus falling there before the saccade which can then be compared to what falls on the RF after the saccade. This appears to be exactly the mechanism required for the transsaccadic memory. These shifting RF neurons, however, are not specifically coding for objects as required by the transsaccadic hypothesis, but if the object memory could be conveyed by the retinotopic based RFs of frontal or parietal neurons, these neurons could provide the required transsaccadic memory. Alternatively, the same shifting field mechanism might be present in cortical areas devoted to object vision.
Attention restricts the displacement problem
A critical point of the transsaccadic memory hypothesis is that it is only the region close to the saccade target (the future fixation point) for which a transsaccadic memory is relevant; the comparison is made for objects only at or near this point. The rationale for this restriction results from a series of experiments showing increased efficiency of visual processing for visual stimuli located around the target of the upcoming saccade Hoffman & Subramaniam, 1995; Kowler, Anderson, Dosher, & Blaser, 1995) . For example, discrimination of one letter among a cluster of letters is best when that letter is the target of the saccade . Furthermore in these experiments, it was not possible to direct attention to one location and make a saccade to an adjacent location, which was taken as an indication of the close coupling between this spatial attention and saccades. In the transsaccadic memory hypothesis, therefore, only the objects close to the saccade target are selected for memory across the saccade.
More generally, the coupling of visual spatial attention and saccades has implications for any hypothesis that incorporates updating of a retinotopic map. Each time a saccade occurs there is an accompanying shift of visual attention as indicated by the saccade and attention experiments just recounted. The importance of attention for limiting perception to selected locations is further emphasized by the phenomenon referred to as change blindness or inattentional blindness (for reviews see Mack & Rock, 1998; Rensink, 2002; Rensink, O'Regan & Clark, 1997; Simons, 2000) , and comparable effects have been demonstrated in monkeys (Cavanaugh & Wurtz, 2004) . In a change blindness experiment, a substantial change in the visual scene is not reported by an observer when the sudden onset transient associated with the change is eliminated. Changes occurring in the visual scene during saccadic eye movements also go unnoticed (O'Regan and Noe, 2001 ). But if the observer's attention is directed to the region of the visual field with the change, the change is seen instantly. The implication of these experiments is that we probably do not maintain a perceptual image or memory of the entire visual scene but only that part to which we pay attention. The consequence of this for a retinopically based hypothesis for visual stability is that it need not account for a remapping of the whole visual field but just that part of the field to which attention is directed at the time of the saccade. In fact in the experiments described on shifting fields, attention may have a particularly salient role because the experiment is done with flashing lights that attract attention simply by their onset. If there is no such attention, LIP neurons show no RF shift (Gottlieb, Kusunoki, & Goldberg, 1998) . The shifting RFs may only be required in the region to which attention is directed, but the extent to which this is true is unknown.
Conclusion: Transsaccadic memory and updated retinotopic maps
The simplifying assumption that there is stability across saccades unless there is evidence to the contrary (MacKay, 1972) has been applied to a hypothesis using object matching across saccades to verify or reject that assumption (Deubel et al., 2002 ).
An intriguing feature of this transsaccadic memory hypothesis is that the neuronal mechanism required for the memory is conceptually similar to that considered for updating a retinotopic map. The activity in the future field (FF) before the saccade is available for comparison to the RF after the saccade. In the remapping hypothesis, the FF activity is used to update a retinotopic map; in the transsaccadic hypothesis the FF activity is used to test the match to the RF after the saccade. At the neuronal level these two hypotheses would be difficult to distinguish. Both might also apply primarily to the region around the saccade target because there is substantial evidence that only those regions attended to at the time of the saccade are relevant to perception. The shifts are still retinotopic, but the retinotopic area is not the full field but just the limited area to which attention is directed.
Displacement: Spatiotopic maps
A logically attractive hypothesis is that by the time visual input reaches the brain regions related to visual perception, the representation of the visual world is not in the retinotopic coordinates of the eye, but rather in coordinates of visual space. That is, visual perception is based on a spatiotopic map that supersedes the retinotopic map. As the eye moves, the information with each fixation is incorporated into this higher order spatial map. This hypothesis is appealing because it fits with our personal visual experience: the spatial map is what we are aware of, not the series of snapshots depicted in Fig. 1 . At the neuronal level this hypothesis predicts that a spatiotopic visual map should be found at some point in the visual system.
The distinguishing feature of a neuron lying in a spatial map is that as the eye moves the RF of the neuron remains activated by a stimulus that remains at one point in the visual field. Neurons on the spatiotopic map are related to different points in space and taken together form a map of space. (For simplicity I refer to eye movements, but head and body movement have the same requirements). At this point no spatiotopic map has been identified in the monkey brain. Neurons have been identified, however, that respond to a visual stimulus but have a response modulated or gated by eye position. The hypothesis is that these neurons form the input to a map or are themselves part of a distributed map that can not be identified at the single neuron level.
Gain fields and real position neurons
Neurons in area V1 fall into a clearly delineated retinotopic map and neither large saccades (Bridgeman, 1973) nor micro-saccades (Gur & Snodderly, 1987 disrupt that spatial map (for interpretive review see Bridgeman, 1999) .
In striking contrast, clear modulation of the visual response by eye position was first reported for neurons in posterior parietal cortex by Andersen and Mountcastle (1983) . The magnitude of the visual response changed systematically with eye position (Fig. 9A) . These neurons were still retinopically organized, but the gain of their visual response was modulated up or down as the eye was directed to different regions of the visual field. Subsequent experiments (Andersen, Essick, & Siegel, 1985) have provided further information on these gain fields (for a review see Andersen, 1989) .
The basic mapping in other extrastriate areas also appears to be largely retinotopic with a major change being the progressive increase in RF size in successive visual areas which provides a possible mechanism for increased space constancy (Kjaer, Gawne, Hertz, & Richmond, 1997; Salinas & Abbott, 1997) . But extrastriate areas also show modulation of visual responses as demonstrated by Galletti and Battaglini (1989) ; nearly half of the neurons in V3A are modulated by eye position. Such modulation subsequently has been found in a number of areas along the dorsal visual pathway (for a summary see Galletti & Fattori, 2002) as well as in FEF (Cassanello & Ferrera, 2007) , supplementary eye field (Schlag, Schlag-Rey, & Pigarev, 1992) , and dorsolateral prefrontal cortex (Funahashi & Takeda, 2002) .
It has been suggested that these gain field neurons might themselves represent a distributed spatiotopic map that is not revealed by the activity of any individual neuron (Andersen et al., 1985; Galletti & Battaglini, 1989) . Several models have shown how spatial information could be represented if the gain field neurons were envisioned as one of the steps in producing a spatiotopic map (Galletti & Fattori, 2002; Zipser & Andersen, 1988) . For example, in the network model of Zipser and Andersen (1988) , ''neurons" in the middle layer were found to have gain fields similar to those of parietal neurons. This of course does not demonstrate the presence of a spatiotopic map, but it does show that such information in a distributed map is conceptually possible.
Other neurons have been identified that do respond to stimuli in one region of visual space rather than one point on the retina. These spatiotopic ''real position" neurons were first found in parietal cortex (Galletti, Battaglini, & Fattori, 1993) , and Fig. 9B shows an example; the response of the neuron remains strong when the visual stimulus remains in one part of the field even when fixation is moved to different points in the visual field. Neurons that ranged from retinotopic to clearly spatiotopic have been found in V6A (Galletti et al., 1993) and in the ventral intraparietal area (Duhamel, Bremmer, BenHamed, & Graf, 1997) , and in general real position neurons have been found in areas that overlap those where the gain field neurons are found (Galletti & Fattori, 2002) . Thus, these real position neurons directly represent a location in visual space, and a map built up of these real position neurons could represent visual space. Furthermore, multiple gain field neurons could provide the input necessary to produce real position neurons as proposed by Galletti, Battaglini, and Fattori (1995) .
While there is not enough evidence to say that these real space neurons form a spatiotopic map, they have characteristics that are probably sufficient for them to represent elements of such a map which in turn could be the basis of our perception of visual stability. There is also the possibility that these neurons (as is also the case for those with shifting RFs) are unrelated to visual stability but instead are part of the transformation leading to movement. For example some neurons in posterior parietal cortex are active before saccades while others are active before reaching (Snyder, Batista, & Andersen, 1997) suggesting a dedication to movement rather than general visual processing. Similarly the gain field neurons in several regions of parietal cortex could contribute to the coordinate conversions preceding the necessary coordination of eye and hand movements (Andersen, Snyder, Bradley, & Xing, 1997; Galletti, Kutz, Gamberini, Breveglieri, & Fattori, 2003; Snyder, Grieve, Brotchie, & Andersen, 1998) rather than producing the spatiotopic reference necessary for visual stability.
Conclusion: Updating maps
Recording neurons in the monkey brain during saccades has provided neuronal evidence for the updating of either retinotopic or spatiotopic maps as the mechanism underlying stable visual perception. In the retinotopic hypothesis, the visual world remains Fig. 9 . Possible inputs to a spatial map. (A) An example gain field neuron from posterior parietal cortex. On the left drawing of the screen in front of the monkey, when the monkey looked at the central fixation point (o), the RF was mapped out and was found to be in the lower right quadrant (dashed circle). On the right, the response of the neuron aligned on stimulus onset is shown for fixation at the center of the screen by the record at 0, 0. Then the monkey fixated at one of the other eight positions on the screen (left drawing) each separated by 20°. At each fixation position the stimulus was moved so that it fell on the RF. Even though the stimulus fell on the same retinotopic position, the gain of the visual response changed systematically as the monkey's eye position changed. These responses are shown on the right. The strongest response was with fixation in the upper left, the weakest with fixation in the lower right. Modified from Andersen et al. (1985) . (B) An example real position neuron from area V6A. The stimulus was always in the lower right quadrant (dashed line), and +s indicate the five fixation points on an 80°wide screen. The visual response was nearly the same regardless of the fixation point. Modified from Galletti and Fattori (2002). represented in a retinotopic map centered on the fovea. With each saccade, there is a brief transition period in which the map is updated by anticipatory activity in the visual field area where the future receptive field will be located. After the saccade the map is still a retinotopic one. In the spatiotopic hypothesis, there is a spatially based map of the visual world that is updated with each saccade. Or alternatively, in one version of the spatiotopic hypothesis, positions are calculated anew with each new fixation (a calibration hypothesis, Bridgeman et al., 1994) . In either case both before and after the saccade the map is in spatial coordinates. In spite of these differences between the retinotopic and spatiotopic hypotheses, there are a few striking similarities in their neuronal requirements. Both require a mechanism for updating a map with each saccade. The mechanisms of the updating might be different for the two types of maps, but both require it. Furthermore, both require vastly increased connections over the simple one to one connection for a retinotopic map. Because both types of map require an updating with each saccade, and this updating can come from any part of a retinotopic map, neurons in both maps must have connections to all parts of the entire retinotopic map. How this could be accomplished has been specified by several models and hypotheses (Galletti et al., 1995; Quaia et al., 1998; Salinas & Sejnowski, 2001; Trehub, 1991) .
I do not think that the current evidence for the two hypotheses is equal but rather that there are two reasons to favor the retinotopic hypothesis. The first is that the neuronal evidence for the contribution of the shifting RFs to updating a retinotopic map has become substantial and coherent. The studies on shifting RFs have established a possible mechanism for shifting the visual sensitivity on the retinotopic map, and the CD required for driving such a shift has been identified. This detailed knowledge in turn allows a test of the relation of the shifts to the perception of visual stability. In contrast, a spatiotopic map, distributed or not, has yet to be identified, the signal that contributes the eye position signal is not established, and a test is not obvious. Second, at a behavioral level, there is growing evidence from experiments on change blindness that there may be no spatial map in the brain, but rather a transient retinotopic map with each new fixation. If there were a spatiotopic map independent of the current retinal image, why are such changes missed? The spatiotopic map should be representing the whole field all of the time. In contrast, if there were a retinotopic map that changes with each saccade, such omissions are readily understandable. In net, the evidence from change blindness argues against a spatial map, an argument that is independent of the issue of visual stability. Future evidence, particularly at the neuronal level, may change this conclusion on the preeminence of updated retinotopic maps for visual stability, but for now these maps are the core of a working hypothesis-with emphasis on working.
Saccadic suppression
Saccades move the eye rapidly with peak speeds of about 500°/s for a 20°saccade in humans (Westheimer, 1954) and substantially faster (800°/s) in monkeys (Fuchs, 1967) . This high speed of the saccade sweeps the image of the visual scene across the retina producing a blur. Yet we are usually unaware of this blur. This lack of vision during saccades is referred to as saccadic suppression or, to emphasize the lack of awareness of sweep, as saccadic omission (Campbell & Wurtz, 1978) . There is also a more specific suppression of motion detection (Burr, Holt, Johnstone, & Ross, 1982) and displacement detection (Bridgeman et al., 1975) . Anyone who has looked at an amateur home video appreciates how critical it is to eliminate these disturbing interruptions, be the recording device a camera or the eye.
The first reports of suppression were from the eminently practical experiments of Erdman and Dodge in 1898 who found that during reading, letters presented during saccades were not seen and that all reading occurred during the fixations between saccades (for a concise summary and references for this early history see Volkmann, 1986 ). The conclusion was that we are functionally blind during saccades, but there was no consensus on the source. Holt argued that during saccades the visual input was ''blanked out" producing a ''central anesthesia". In contrast, Dodge believed the lack of vision was due to both a central factor and to the interaction of the clear images outside the saccade with the blurred images during it. Interest in these turn of the century issues revived with the ability to accurately record saccades in the 1960s, and these experiments are summarized in excellent reviews (Bridgeman, 1986; Matin, 1974; Volkmann, 1986) .
A half century of experimentation has established that there are two sources of saccadic suppression: an extraretinal CD and a visual masking mechanism. While there is strong behavioral and neuronal evidence for both mechanisms, it seems likely that in normal high contrast environments visual masking is the dominant mechanism with the contribution of the CD being more modest.
Suppression by CD
Behavioral evidence
When saccades are made across normal visual scenes, the speed of the eye movement usually produces a brief blurred image, and it was natural to assume that nothing was needed to account for the suppression of such minimal stimulation. Establishing a role for an extraretinal input for suppression was the first success of quantitative measurements of saccadic suppression in the 1960's. In these experiments blur was eliminated by using flashed stimuli during saccades made in the dark or against a uniform background. Detection during saccades required flashes about three times as bright as those during fixation (Volkmann, 1962) . This was a threshold elevation of about 0.5 log units which was small compared to the brightness of stimuli that might be experienced during a saccade given the many log unit sensitivity range of the visual system. The use of a brief flash also revealed that the suppression began as long as 50 ms before the saccade (Latour, 1962) . These two early observations on threshold and timing showed that the suppression resulted from an extraretinal signal which had to be a CD because its effect preceded any proprioceptive input from eye muscle contraction.
Detection of motion is also suppressed during saccades as indicated by the observation that a drifting grating moved suddenly required a larger movement during a saccade than during fixation to be detected . A larger change in motion of random dot patterns also was required for detection during a saccade than during fixation (Bridgeman et al., 1975) . We have already noted that target displacement during a saccade is suppressed (Bridgeman et al., 1975) , and Shioiri and Cavanagh (1989) showed that motion detection occurred without any displacement by using motion of random dot patterns that had no displacement. This reduction in motion sensitivity is specific for saccades; showed that during fixation there was no lack of sensitivity to high speed motion. As motion speed increased, the direction of the motion was simply discriminated at lower and lower spatial frequencies.
One of the most striking changes during saccades is the selective reduction of sensitivity to low spatial frequencies Volkmann, Riggs, White, & Moore, 1978) . In these experiments, horizontal saccades were made over horizontal gratings so that blur was minimal, but reduced visibility of the lower spatial frequencies persisted. This makes good functional sense because the selective suppression of the lower spatial frequencies during saccades would take care of what the high speed of the retinal image had not eliminated. Burr, Morrone, and Ross (1994) showed in addition that while saccades reduced the visibility of luminancemodulated gratings at low spatial frequencies, they did not reduce the perception of equiluminant color-modulated gratings at any spatial frequency. They noted that the reduced sensitivity during saccades to motion, to low spatial frequencies, and specifically to luminance and not color dependent spatial frequencies were characteristics expected from a contribution of the magnocellular layers of the lateral geniculate nucleus (LGN). They suggested that the saccadic suppression seen psychophysically could result from suppression of this segment of the LGN.
The identification of other factors contributing to suppression are summarized by Volkmann (1986) , but two other observations in particular lend support to the conclusion that a fraction of saccadic suppression results from a CD. First, afterimages show suppression during saccades, and afterimages have the advantage of no possible movement on the retina and no optical changes associated with a saccade. The suppression lasts longer with larger saccades (of consequently longer durations), but is evident even with the saccades as small as 0.5 deg. (Kennard, Hartmann, Kraft, & Boshes, 1970) . Second, suppression occurs during blinks which can obscure vision for up to 100-150 ms (longer than the 50 ms of most saccades), and the suppression has characteristics similar to that during saccades (Volkmann, 1986) . The magnitude of suppression to a full field flash is about 0.5 log unit threshold elevation (Volkmann, Riggs, & Moore, 1980) . Thus, there is clearly a modest reduction in visual sensitivity (about 0.5 log unit) during saccades that results form a CD because it occurs in the absence of any possible visual interactions and begins before the saccade. There are also selective changes in sensitivity to motion, displacement, and low spatial frequency that reflect the action of a CD. The combination of these sensitivity changes are consistent with the LGN as the site of the saccadic suppression.
Neuronal evidence 8.2.1. The LGN to visual cortex pathway
Extraretinal input to the LGN with eye movements has been known since the discovery of pontine-geniculate-occipital (PGO) waves of rapid eye movement sleep (see for example Bizzi, 1966) . Multiple possible sources of such modulation have also been identified (Singer, 1977) . Whether these modulations contribute to saccadic suppression has been studied more recently usually using full field visual stimulation and looking for changes in LGN visual responses associated with saccades. Reppas, Usrey, and Reid (2002) found changes with saccades. Magnocellular LGN neurons showed the largest changes and the largest proportion of neurons (90%) showing a change. The largest modulation, however, was not primarily a suppression, but a biphasic-small suppression and a later and larger enhancement. The suppression ends about 50 ms after saccade onset and reduces the amplitude of the initial visual response. This should reduce at least the initial burst of visual input generated as a result of the saccade. The cat LGN shows a similar suppression before and facilitation after the saccade (Lee & Malpeli, 1998) . Ramcharan, Gnadt, and Sherman (2001) in the monkey found primarily increased visual responses after the saccade also primarily in magnocellular neurons. Much earlier Buttner and Fuchs (1973) found little consistent modulation of response to full field stimuli with saccades and again most of what was found was an increase of activity after the saccade. Other experiments have not measured the suppression of specific visual input, but have looked at the modulation of the background activity. Royal et al. (Royal, Sary, Schall, & Casagrande, 2006) have summarized previous studies, and in their own studies have found reduction of background activity in all LGN layers beginning on average over 100 ms before the saccade and extending about 50 ms after the saccade. If this background reduction was accompanied by a suppression of the visual response, it would last long enough to act on at least some of the visual input generated by a saccade. They also found that the most consistent and largest modulation was an increase in background activity beginning about 100 ms after the saccade end. In net, while the more prominent modulations in several studies have been in the magnocellular layers, which is consistent with the expectations from psychophysical experiments (summarized by Ross, Burr, & Morrone, 1996) , the suppression of responses to visual stimulation have been both short in duration and limited in magnitude.
The neurons in primary visual cortex (V1) were the first to be checked for suppression during saccades (Wurtz, 1968 (Wurtz, , 1969a (Wurtz, , 1969b )-indeed, it was the first question to be investigated in the awake monkey trained to fixate in order to provide controlled visual stimulation to one area of the visual field. The response of V1 to a light bar stimulus swept across the receptive field during fixation was similar to that when the saccade swept the eye across the same stationary stimulus. Similar qualitative experiments done subsequently also generally did not observe suppression in V1 (Fischer, Boch, & Bach, 1981 ) although a few neurons were reported to fail to respond during saccades (Battaglini, Galletti, Aicardi, Squatrito, & Maioli, 1986 , see summary in . The question of a central anesthesia was answered just as it had been answered by psychophysics: there is none. Subtle changes in neuronal responses were not measured, so that changes comparable to the slight rise in threshold seen psychophysically would probably not have been detected. Subsequent experiments on V1 quantified saccade related activity that occurred during memory guided saccades but the change was an increase not a suppression and it preceded saccades by 100-200 ms rather than followed them (Super, van der Togt, Spekreijse, Lamme, & Zd, 2004) . Background V1 neuronal activity is modulated with spontaneous saccades in the dark, including some cases with suppression after the saccade (Kayama, Riso, Bartlett, & Doty, 1979) , and there is ample evidence of subcortical input to V1 (Doty & Ra, 1983) . If this input led to suppression of the visual response, however, we would expect it to be substantial more frequently in the V1 visual responses.
While there seems to be little indication of a substantial suppressive mechanism in the LGN to V1 pathway, there is clear evidence of suppression in the extrastriate areas related to visual motion, MT and MST. Thiele, Henning, Kubischik, and Hoffmann (2002) found that the directionally selective neurons in these areas differentiate between motion during fixation and during saccades. About two thirds of the neurons responded to stimuli moving at saccadic velocities while the monkeys fixated but failed to respond when the monkey made saccades across the stationary stimulus (Fig. 10A) . For some neurons, the preferred direction during saccades actually reversed and Thiele et al. suggested that this reversal might contribute to reducing any residual motion responses generated by the saccade over a visual background. Ibbotson, Price, Crowder, Ono, and Mustari (2007) subsequently found that over 80% of MT/MST neurons showed a reduced response to the motion produced by saccades compared to the same motion during fixation.
While neuronal correlates of pursuit eye movements have not been considered in this review, it is worth noting that as with saccades, during pursuit relatively few neurons in V1 have been found that show evidence of a CD (Dicke, Chakraborty, & Thier, 2008; Galletti, Squatrito, Battaglini, & Grazia Maioli, 1984; Ilg & Thier, 1996) . In contrast, the fraction of neurons with such a CD input increases substantially at the levels of MT, MST and posterior parietal cortex (Dicke et al., 2008; Erickson & Thier, 1991; Ilg, Schumann, & Thier, 2004; Newsome, Wurtz, & Komatsu, 1988) .
Given the limited suppression in LGN and V1, there is the possibility that at least some of the suppression seen in MT results not from V1 input but from the now established pathway from SC to pulvinar to MT. This would be consistent with the frequent failure to find suppression in V1 and success in finding it in areas anterior to V1 (Fischer et al., 1981) . A recent study determined the effect of saccades on phosphenes produced by transcranial magnetic stimulation of occipital cortex and concluded that the suppression alters early cortical visual processing (Thilo, Santoro, Walsh, & Blakemore, 2004 ). This would be consistent with the neuronal evidence if the cortical stimulation affected primarily V2 rather than V1. Finally an fMRI study in humans also showed correlates of suppression at higher levels in the visual pathway, including the MT region, but not at the level of V1 (Kleiser, Seitz, & Krekelberg, 2004) . It therefore becomes relevant to consider the modulation with saccades in the other pathway to visual cortex, that leading from SC to MT. Thiele et al. (2002) . (B) Example SC superficial layer neuron that responds to a moving visual stimulus in front of the stationary eye but not during a saccade. The visual stimulus moved across the RF (left record) or was moved across the RF by a saccade (right record). Peak of ordinate is 250 sp/s; tick marks on the abscissa are 100 ms. From Robinson and Wurtz (1976) . (C) An example SC superficial neuron demonstrated to have input from a corollary discharge. On the left and right is the suppression during normal saccades (in the light to maintain background discharge rate). In the center is the suppression that continues during retrobulbar block of both eyes. All of the records are triggered on the integrated burst of activity of the oculomotor nucleus (Oc. Nuc), that remained even when the EOG for horizontal and vertical components of the saccade were eliminated by the block (center). Peak of ordinate is 20 sp/s; tick marks on the abscissa are 100 ms. From Richmond and Wurtz (1980) .
The SC-pulvinar-cortex pathway
The major source of the visual input to cortex from the SC is via the superficial layers, and in contrast to LGN and V1, neurons in these layers show striking suppression with saccades. Of the SC neurons that responded to rapid stimulus motion, Robinson and Wurtz (1976) found that roughly 2/3 failed to respond when the receptive field was swept across a slit of light by a saccade (Fig. 10B) . The SC neurons responded to all four orthogonal motion directions during fixation, and saccades in all these directions produced suppression. Suppression was effective for stimuli at least one log unit above background for all neurons tested, and it lasted from saccade onset to about 125 ms after saccade end. Neurons showing a visual suppression during saccades frequently also showed a suppression of background activity (Goldberg & Wurtz, 1972; Robinson & Wurtz, 1976) , and the duration of the two suppressions frequently matched. Thus the saccadic suppression of the SC neurons was robust, came at a time after the saccade when the visual stimulation resulting from the saccade reached the neurons, and correlated with a suppression of the background activity.
One source for the suppression could simply be a response to the visual background during the saccade, but the suppression occurred with saccades made in total darkness. This implied that an extraretinal signal was the source of the suppression, and because the neuronal suppression was after the saccade, this signal could logically be either proprioceptive input from the periphery or a CD generated internally. While there were a number of characteristics that suggested the source was not proprioception (Robinson & Wurtz, 1976 ), this possibility was tested explicitly by Richmond and Wurtz (1980) who reversibly paralyzed the eye muscles in order to eliminate muscle contraction and the resulting proprioception (Fig. 10C) . Eye movements were recorded to make certain the eye did not move, and the monkey's attempts to make saccades were monitored by recording the bursts of activity of extraocular muscle motor neurons. The suppression of the background activity persisted in spite of the lack of movement (10C, center), and because the background suppression accompanied the visual stimulus suppression, it indicated the continued presence of the extraretinal signal in the absence of proprioception. The source of the neuronal suppression must have been a CD.
The source of the CD input remains unknown. Robinson and Wurtz (1976) suggested that the source might be the FEF because neurons there discharge after saccades and with saccades in all directions, and it had been suggested that these neurons might represent a CD (Bizzi, 1968) . Another source might be the saccade related neurons in the adjacent SC intermediate layers particularly because this connection has recently been demonstrated in the rat (Lee et al., 2007) . The intermediate layer neurons connect only to superficial neurons directly above them so this connection would convey activity for just the one saccadic direction represented in the intermediate layers just below. To get the multidirectional suppression shown by the superficial layer neurons, other indirect connections would be required. Regardless of the specific source of input, the neurons in the SC superficial layers show a striking suppression of the visual response, and the most likely source of this suppression is a corollary discharge.
The issue is whether this suppression of visual response in the SC during saccades contributes to visual perception. Since suppression with saccades has been relatively minimal in LGN and V1 compared to that in SC and MT, an intriguing possibility is that the perceptual suppression associated with saccades is derived from the SC. The contribution of the SC suppression would be compelling if it were known that the SC neurons were selectively sensitive to low spatial frequencies and could thus provide the selectivity that Burr et al. (1994) envisioned for the LGN. Unfortunately the spatial frequency tuning for the SC visual neurons is unknown.
If SC superficial layer neurons are a potential source of perceptual suppression during saccades, that suppression would probably reach visual cortex via the projection from SC to the pulvinar nucleus of the thalamus. Robinson and collaborators (Robinson, McClurkin, Kertzman, & Petersen, 1991; Robinson & Petersen, 1985) showed that the suppression is clearly present in the pulvinar, and that it has properties similar to those seen in the superior colliculus. Subsequently, Berman (2007) have identified relay neurons in the pulvinar that convey visual information from SC to MT. These relay neurons are centered on the medial region of the inferior pulvinar (using the nomenclature of Stepniewska & Kaas, 1997; Stepniewska, Ql, & Kaas, 2000) . Some of these neurons clearly showed the suppression of background activity during saccades (Berman and Wurtz, personal communication) so that this pathway now is known to provide an input to MT that is suppressed during saccades.
Conclusion: Finding a CD for saccadic suppression
Perception shows a suppression that results from a CD because it occurs in the absence of visual interactions and begins before the saccade. The evidence that suppression begins in the magnocellular layers of LGN and is conveyed to V1 cortex is limited. The neuronal suppression seems to be most prominent in visual areas beyond V1, particularly in the motion areas, MT and MST. One idea about a possible added source of that suppression, though a novel one, is that it could be provided by the SC superficial layer neurons, which show a CD based suppression, and that could project upward via the pathway from SC through pulvinar to cortex. In this scenario suppression may not be a function of the geniculocortical path but rather of a collicular cortical path. Regardless of this speculation about pathway, neuronal correlates of saccadic suppression that probably depend on CD have been identified, and this fully validates the psychophysical evidence for a CD based saccadic suppression.
Suppression by visual masking
Behavioral evidence
A purely visual mechanism proposed to explain our lack of awareness of the visual blur during a saccade is masking, the interaction between stimuli presented one after the other. Forward masking refers to a masking stimulus blocking perception of a later test stimulus, and backward masking refers to a masking stimulus blocking the perception of a test stimulus that came before it. Both masking types could act during saccades: the blur would be a low contrast test stimulus and the mask would be the high contrast images before and after the saccade.
The first experiment to show how potent such a masking effect could be was by Matin, Clymer, and Matin (1972) who showed first that a light bar limited to the duration of the saccade was seen as a longer and longer blur as the bar's duration increased within the saccade duration. But as soon as the duration extended about 100 ms beyond the end of the saccade, only a bright bar was seen; the blur was gone. Campbell and Wurtz (1978) illustrated this masking further by showing that a contoured visual image (a laboratory room) was blurred when illuminated just during the saccade but became clear when the illumination extended 40-100 ms after the end of the saccade. The key point in both of these experiments is that with illumination extending beyond the end of the saccade, the perception was not a blur and then a clear image, but just the clear image. Masking had obliterated the blur or ''greyout" (Campbell & Wurtz, 1978) . A clear image before the saccade of more than 100 ms produced a forward making effect (Campbell & Wurtz, 1978) which also eliminated perception of the blur. Subse-quent experiments (Corfield, Frosdick, & Campbell, 1978) showed that the elimination of the blur was a purely visual effect. The type of stimulus in the intra-saccadic interval made little difference (Chekaluk & Llewellyn, 1990) . Reduced motion perception during the saccade was also shown to be a result of masking by Masson (2002), 2000) . When their subjects viewed stationary vertical gratings briefly presented during the saccade, they appeared to move in the direction opposite to the saccade, that is, in the direction of the grating motion on the retina. As the grating duration extended beyond the duration of the saccade, the probability of reporting this motion dropped precipitously even though the same motion remained during the saccade.
The point is that masking contributes to saccadic suppression in a normal high contrast environment whereas the CD related to the saccade itself is independent of the visual background during the saccade (Diamond, Ross, & Morrone, 2000) . On the relative role of masking and corollary discharge in saccadic suppression there is little reason to alter the conclusion reached by Volkmann (1986) in her review of 20 years ago: ''Masking effects, therefore, undoubtedly play a primary role in threshold elevations which accompany saccades in lighted, contoured environments. It is equally clear, however, that saccadic suppression can be shown to exist under experimental conditions in which masking effects are minimized . . .." Visual masking has been extensively studied (for reviews see Breitmeyer, 1984; Bridgeman, 1971; Macknik, 2006; Matin, 1975) , and it may well be that one of the most important contributions that masking makes to visual perception is the elimination of the blur during saccades.
Neuronal correlates
The effectiveness of visual masking during saccades was first tested in V1 of awake monkeys by Judge, Wurtz, and Richmond (1980) . They first tested how frequently V1 neurons responded to velocities comparable to those of a saccade by using an optimal stimulus: a slit moved across the RF along its long axis so that the integration time of light in the RF was maximal. Even under these optimal conditions only about 50% of the supragranular neurons responded, while over 90% of the infragranular neurons responded. Because the anatomical connections of the supragranular layers are primarily to subsequent cortical visual areas (Van Essen, 1983) , these neurons would seem to be the most likely to contribute to perception. Because no more than half of V1 neurons responded to even optimal stimuli moving at saccade speeds, any masking effect need only act on a fraction of V1 neurons, and on weak responses at that.
Masking was then studied primarily in the supragranular neurons by determining the interaction between a stimulus falling on the RF before a saccade (comparable to the mask in human psychophysical experiments) and the slit stimulus swept across the RF by the saccade. The response of the V1 neuron to the slit during the saccade was reduced by at least half in 95% of the neurons and eliminated in 35% of them. That this was independent of any CD accompanying saccades was shown by a comparable interaction between a stationary mask and a moving stimulus while the monkey remained fixating (Fig. 11A) . The mask was most effective when there was no interval between it and the RF stimulus which would be the case during a saccade.
When the masking stimulus fell on the RF after the saccade, there was a backward reduction of the response during the sweep in only a few neurons . Instead, the mask produced a possible confounding merging of the responses to the two stimuli. A similar effect had been seen in the cat LGN by (Schiller, 1968) . Finally, psychophysical experiments measured detection of the stimuli with and without a masking stimulus and showed approximately the same time course for humans as did the neuronal responses in monkeys, with forward masking being more effective than backward masking.
Masking effects have subsequently been quantitatively studied in V1 neurons by Macknik and Livingstone (1998) in order to understand visual masking rather than suppression during saccades. They found a forward masking effect similar to that in the previous observations . Their masks were adjacent to the target in the RF instead of in the RF, which is probably why their masking reduced responses to about 70% of the unmasked response whereas the reduction during saccades approached 100% . A key addition in the Macknik and Livingstone experiments (1998) was that for backward Fig. 11 . Saccadic suppression by visual masking. (A) Forward masking in a V1 neuron by a masking stimulus falling on the RF (line under each trace) on a subsequent brief RF stimulus (carrot under the trace). In the left column, the eye sweeps the RF across a stationary RF stimulus, and on the right the RF stimulus is swept across a stationary RF during fixation. The top records show the visual response to the RF stimulus only, the middle trace the reduced response to the RF stimulus when preceded by the mask, and the bottom trace to the mask only. Ordinate tick marks are 100 sp/s; abscissa marks are 100 ms. From Judge et al. (1980) . (B) Forward and backward masking in a V1 neuron in an alert monkey. Black trace is the response of the neuron to the RF stimulus alone (Target Only). Pink trace shows the elimination of the on response by forward masking. Blue trace shows the elimination of the transient after discharge by backward masking. From Macknik et al. (1998). masking the effect resulted from the elimination of an off transient occurring about 100 ms after RF stimulus offset (Fig. 11B) . Further work showed the importance of spatiotemporal edges in producing such masking effects (Macknik, Martinez-Conde, & Haglund, 2000) , factors that must also contribute to the effectiveness of masking during saccades. Other experiments on stimulus interactions have demonstrated that masking effects in V1 have substantial effects on visual responses including those responses generated by saccades (Bridgeman, 1980; Gawne, Woods, & Fp, 2003; Richmond, Hertz, Gawne, & Uk, 1999) , and such masking interactions have recently been reviewed by Macknik (2006) . Visual interactions also are clear in the responses of the SC superficial layer visual neurons (Bender & Davidson, 1986; Rizzolatti, Camarda, Grupp, & Pisa, 1973; Rizzolatti, Camarda, Grupp, & Pisa, 1974; . Macknik et al. (1998) showed that an optimal combination of forward and backward masking produced an illusion of stimulus disappearance (the Standing Wave of Invisibility). Since the intervals used in this illusion are in the range of those occurring with saccadic eye movements it is an excellent illustration of the elimination of visual stimulation during saccades. It demonstrates that the stimulus is not so much suppressed as eliminated; it demonstrates the ''saccadic omission" postulated earlier (Campbell & Wurtz, 1978) .
Conclusion: Visual masking rules saccadic suppression
Visual masking is likely to be the major factor producing saccadic suppression in normal high contrast environments. Suppression of V1 neuronal responses to the brief stimuli during saccades by stimuli before the saccades (forward masking) alone appears to be substantial enough to provide the underlying mechanism. Furthermore, demonstrations of combined forward and backward masking show that masking can produce not only suppression but the perceptual omission of briefly presented stimuli. Such saccadic omission is what is required to avoid a disruptive pause between successive fixations.
Summary and conclusions
Understanding why our perception is stable in spite of saccadic interruptions depends on resolving two problems: displacement of the image on the retina after each saccade and suppression of the blur during each saccade. As in many biological systems, there are multiple solutions for each of these problems.
For saccadic suppression, the multiple mechanisms are well established: visual masking and corollary discharge (CD). Each mechanism can be dominant depending on visual conditions, with masking being prominent in the normal high contrast environments and CD in low contrast ones. Neuronal mechanisms for suppression by CD have been identified, but rather than acting on the LGN and V1, they seem to act beyond V1. The clearest cortical suppression has been demonstrated in MT, and it might result from input from SC superficial layer neurons where the suppression depends upon a CD input. Neuronal mechanisms for visual masking that are adequate to eliminate the blur during a saccade have been identified in V1. Thus, while a number of critical details are still missing, neuronal correlates for both the CD and the masking mechanisms have been identified.
Saccadic displacement is the more central, more difficult, and more interesting problem, both historically and presently. It is hardly surprising that the neuronal mechanism has not been identified, and here we still do not know whether there are multiple neuronal mechanisms. There are two salient neuronal candidates. First are the neurons in frontal and parietal cortex with shifting receptive fields that provide anticipatory activity with each saccade. These could provide support for the retinotopic hypothesis of visual stability based on updating a retinotopic map. The anticipatory shift in activity might also provide the memory for the transsaccadic memory hypothesis of visual stability. The second neuronal mechanism is provided by neurons whose visual response is modulated by eye position (gain field neurons) or largely independent of eye position (real position neurons). These neurons could provide the basis for a higher order map for a spatiotopic hypothesis of visual stability.
On the basis of the current evidence, I conclude that the shifting receptive fields provide the most attractive neuronal basis for understanding the mechanisms for visual stability. At the neuronal level the shift provides a mechanism for shifting the visual sensitivity on a retinotopic map, the CD driving such a shift has been identified, and a test of the relation of this neuronal activity to perceptual stability is now possible. Furthermore, at a behavioral level, the evidence from change blindness suggests that there is no spatial map in the brain but rather a transient retinotopic one with each saccade. Thus, both the neuronal and the behavioral evidence available now make the updating of a retinotopic map an attractive hypothesis. The shifting receptive fields also provide a possible mechanism for a transsaccadic memory hypothesis of visual stability. Happily, even with the techniques now available, these speculative conclusions can be modified, rejected, or replaced by further experimental evidence.
Finally, it is important to realize how far we have come in understanding what the neuronal mechanisms underlying visual stability might be. We have moved from general conceptions of the importance of a CD over several centuries, to fortifying the idea with direct experimental evidence from flies and fish beginning in the 1950s, to the more recent neuronal correlates of CD mechanisms in the primate brain. The initial search for neuronal correlates was for a mechanism that might underlie saccadic suppression. Such a neuronal mechanism was thought to simply suppress vision, to act relatively early in the visual processing sequence, and to serve as a cudgel on any visual input following any saccade. What has introduced a more profound understanding of how precisely a CD might function, however, is the understanding of its action in producing shifting receptive fields in parietal and frontal cortex. Starting with the discovery by Duhamel et al. (1992) , studies of these neurons have revealed how a motor based CD and visual processing can be seamlessly combined: the vector of the upcoming saccade is used to heighten the sensitivity of neurons on a retinotopic map. All the information both before and after the saccade remains in retinotopic coordinates, but the changes on the map incorporate the motor information. This illustrates an organization that was not envisioned on the basis of the CD concept, that expands our conception of possible ways in which a CD can act, and that emphasizes how far our understanding of possible neuronal mechanisms underlying visual stability have come-and how far they have to go.
